The paper summarizes the energy and ecological analysis results of geothermal CHP plant operation in Polish conditions. The variant of CHP plant based on Organic Rankine Cycle (ORC) has been taken into consideration as the most favorable for the geothermal conditions prevailing in Poland. The existing geothermal well located in the town of Konin in the Wielkopolska voivodship has been chosen as the case study. The conceptual design of CHP plant has been proposed and evaluated from energy and environmental point of view. The non-renewable primary energy consumption has been chosen as energy performance criteria. In case of environmental performance carbon dioxide emission has been taken as evaluation criteria. The analysis has been performed for different operating conditions and three working fluids.
Fig. 1. The location of geologically confirmed geothermal energy resources in Poland [4]
The first geothermal heating station has been opened in Podhale region in 1994 -Geothermal Facility
Banska -Biały Dunajec [5] . It was based on two wells providing water in the temperature range 80- Since 2015 in Janowo, Baltic Sea region low temperature geothermal water taken from the 1200 m deep well is used in the production of Atlantic Salomon.
In general, the temperature of geothermal water in Poland does not exceed 70-80°C, what makes the power production or cogenerated heat and power (CHP) production in the direct solutions inefficient from the economical point of view [5] . It is caused by the fact that it is assumed that for the production of electricity it is profitable to use geothermal waters with a temperature of 120-150 o C. [2] Geothermal resources with temperatures above 130 °C are found in central Poland, but they are located at a depth of over 4000 m, therefore their extraction is not profitable. [8] That is why the variant of CHP plant based on Organic Rankine Cycle (ORC) has been taken into consideration as the most favorable for the geothermal conditions prevailing in Poland.
Rankine cycle is well known thermodynamic cycle which enables production of work using heat as driving energy. In majority of cases heat is delivered in the form of chemical enthalpy of fuel and water is used as working fluid. Such systems are used in 85% of world production of electricity [9].
Unfortunately, ranking cycle based on water as working fluid requires very high temperature (and pressure) of steam introduced to turbine [10] . In consequence the heat introduced to the system as driving energy is limited to intensive energy forms -fossil fuel chemical enthalpy or nuclear energy.
The principle of Organic Rankine Cycle (ORC) operation is similar. The main difference lays in working fluids which in the case of ORC are organic substances characterized by high molecular weight, lower temperature of evaporation and higher pressure of steam phase. It allows for the utilization of low temperature heat as driving energy, operation in lower pressure and application of turbines with lower rotation speed [9, 11] . From the technological point of view ORC is less complicated with respect to traditional RC, it can use only one heat exchanger for heating, evaporating and overheating of working fluid. The additional heat regenerator is sometimes used for preheating liquid phase of working fluid [12] . Depending on low temperature heat source characteristic the working fluid has to be precisely selected [11] . The cost and market availability of working fluid have to be also considered [10, 13] . The Organic Rankine Cycle attracted a lot of attention. This may be due to its contribution to mitigating the degradation of the ecosystem. This assessment is therefore very important and works on the basis of exergy analysis and life cycle methods [14, 15] . Constantly developing power plants using the Organic Rankine Cycle are in addition to the Stirling engine, the only technology available on the market that allows the generation of electricity using low and medium temperature waste heat energy. Much effort has been put into improving the analysis techniques to find the best working fluid and ORC parameters for system configuration [16] . One of the main topics of investigations related to ORC is performance evaluation.
However, adequate research on the effects of fluid charge on the operation outside the working system is still lacking. The correct liquid level in the condenser provides a large amount of working fluid, which also avoids cavitation of the pump [17] . Calculating the efficiency of both ORC and its components is not an easy task due to the lack of adequate instrumentation, inaccurate measurements and uncertainty as to the thermodynamic properties of the working fluid. This can have a significant impact on the final results of calculations, especially for complex fluids, with a small temperature drop in expansion [18] .
Lubricating oil can help reduce the friction loss of the expander and prevent leaks. However, it affects the characteristics of the Organic Rankine cycle by mixing with a clean working fluid due to the lack of an oil separator. Test results of the impact of the lubricating oil ratio (1.2%, 3.1%, 5.0%, 6.7% and 9.0%) on the behavior of the system based on the experimental ORC prototype with 3 kW power using R123 and degrees of overheating 5,10 and 15 °C showed that the deviation between the calculated heat input and the modified heat input is not more than 5%. The heat source temperature was 130 ° C and the mass flow was controlled by changes in pump frequency. The use of oil improves the behavior of the pump, however, it exacerbates the power of the expander shaft as well as the electrical power. The thermal efficiency is not sensitive to the lubricating oil ratio for the degree of superheat higher than 10 °C [19] . Due to the excellent results of the high-temperature Organic Rankine cycle in the use of renewable energy and industrial heat recovery, it has recently attracted a lot of interest. During the selection of working fluids, their stability is very important due to possible degradation at high temperatures. Studies have shown that siloxanes are a good choice for hightemperature ORCs, but there is not enough research on their thermal stability [20] .
The possibility of use of existing low temperature geothermal energy source located in Konin, Poland has been the basis for conceptual design of ORC based co-generated heat and power plant.
Case study description -conceptual design of CHP plant based on ORC
The conceptual design of geothermal CHP plant has been settled on existing geothermal heat source located in the town of Konin in Wielkopolska voivodship, central part of Poland. The basic data of the source are listed in table 1. The flow diagram of proposed geothermal CHP plant based on ORC is shown in Fig. 2 . It consists of ORC part responsible for electricity production and heat exchanger located downstream from evaporator responsible for useable heat production. The characteristic points of working fluid thermodynamical properties for ORC cycle have been plotted in Fig. 3 .
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Fig. 3. Characteristic points of working fluid thermodynamic properties for ORC cycle
In order to evaluate the energy and ecological performance for the proposed ORC based CHP plant the First Law of Thermodynamics has been employed.
Evaluation method

Energy balance analysis
The calculations performed were settled on the First Law of Thermodynamics and energy balance equations derived for control volumes (CVs) covering main system elements.
Energy balance equation for evaporator (CV1):
̇=̇
Where: 
Where:
internal power of ORC turbine, kW 
̇ -heat flux of condenser, kW Energy balance equation for circulation pump (CV4): 
̇ -heat flux of district heating heat exchanger, kW
The set of energy balance equations listed above has been solved and used as energy analysis tool for proposed ORC cogenerated heat and power plant.
Energy and ecological evaluation
In order to evaluate energy and ecological performance of ORC based geothermal CHP plant two criteria have been employed. As energy performance criteria the non-renewable primary energy consumption has been chosen. In the case of environmental performance carbon dioxide (CO2) emission has been taken as evaluation criteria. The analysis has been performed for different operating conditions and three working fluids. The total annual use of fossil fuels chemical enthalpy and carbon dioxide emission for reference energy system have been calculated using following equations:
Where: ℎ -total annual use of fossil fuels for reference energy system, MWh/a 2 -total annual emission of CO2 for reference energy system, MgCO2/a
Results and discussion
Energy balance analysis
The calculations have been performed using the Excel based calculation tool [22] . It has been assumed that the temperatures of geothermal water entering and leaving evaporator (CV-1) are 1 = 90℃ and 2 = 75℃. It has been also assumed that the overall efficiency of turbine and generator is 80% and overall efficiency of working fluid and geothermal water pumps are 70%. The calculations have been performed for three working fluids: R123, R134a and R227. In order to evaluate the production capability of the system the following operational parameters have been changed in calculations: evaporation temperature 1 = 75℃ 1 = 70℃, condensation temperature 2′′ = 25℃ 2′′ = 30℃ and temperature of geothermal water leaving the heat exchanger 3 = 30°, 3 = 35° 3 = 40°. The thermodynamic properties of working fluids in characteristic points of ORC have been imported from Solkane 8.0 selection software. Table 2 presents the example of calculation data for working fluid R123 and following thermal parameters 1 = 75℃, 2′′ = 25℃, 3 = 30°, and energy balance results are shown in Fig. 4 . Table 3 presents the example of calculation data for working fluid R134a and following thermal parameters 1 = 75℃, 2′′ = 30℃, 3 = 35°, and energy balance results are shown in Fig. 5 . The influence of the temperature of geothermal water leaving heat exchanger (CV-5) on the heating capacity of district heating heat exchanger is shown in Table 6 . The calculation results show that for all three working fluids the highest production of electrical power refers to the evaporation temperature 1 = 75℃ and condensation temperature 2′′ = 25℃.
The differences are rather small, for R123 and R134a the electricity production is a little bit higher comparing with R227 working fluid. It is worth to underline that significant part of electricity production would be used for covering self-energy requirements of district heating system and ORC CHP plant.
In the case of heat the increase of temperature of geothermal water leaving heat exchanger 3 significantly decrease the production of that form of useable energy. It has been assumed that geothermal CHP plant is capable to cover full requirements of heat end users.
Energy and ecological evaluation
Performing energy and environmental evaluation of ORC based geothermal CHP plant it has been assumed that for geothermal CHP plant the use of chemical enthalpy of fossil fuels and the emission of carbon dioxide are equal: ̇ℎ , = 0 ̇2 , = 0 2 ℎ ⁄ . In order to evaluate energy performance of geothermal CHP plant the calculation of chemical enthalpy of fossil fuels use for typical (reference) energy system has been derived. In the case of environmental performance carbon dioxide emission for reference energy system has been calculated. As the reference energy system the separate production of heat in gas fired condensing boilers ( =100%) and electrical power in conventional steam condensing power plant fired with hard coal ( =33%) [23] , has been taken into consideration. Electrical power production and heat flux production have been taken the same as for geothermal CHP plant. The emission of carbon dioxide has been derived for hourly and annual conditions. It has been assumed that energy system has to operate for = 8760/ in the case of electrical power production and for = 2000 ℎ⁄ in the case of heat production. The carbon dioxide emission factors for hard coal and natural gas have been taken as: Table 9 . The results of calculations have been plotted in Fig. 7 and Fig. 8 . As shown in Fig. 6 , that application of ORC based geothermal CHP plant can significantly reduce annual consumption of chemical enthalpy of fossil fuels. The best energy performance can be spotted for working fluid R123, for which the reduction varies between 14700 and 13600 MWh/a. The working fluid R134a has a worse energy performance, which allows for the reduction of fossil fuels energy consumption in the range of 13500 and 12300 MWh/a. The worst performance has been noted for working fluid R227 -the reduction between 12200 and 11100 MWh/a. The same relation concerning ecological performance -the reduction of carbon dioxide emission, can be found -see Fig. 7 . The total reduction of CO2 emission is the highest for working fluid R123: 3500 to 3120 MgCO2/a, the medium one for working fluid R134a: 3260 to 2870 MgCO2/a and the lowest for working fluid R227: 3160 to 2620 MgCO2/a.
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In all cases mentioned above, the reduction can be considered significant regarding energy and ecological performance of energy systems in Poland. Therefore, it should be taken into consideration to expand the use of geothermal energy beyond the production of heat only.
Conclusions
The aim of the work was to propose the conceptual design of geothermal CHP plant that would be applicable in Poland. Bearing in mind the geothermal conditions prevailing in Poland the use of ORC seems to be the only one reasonable solution. The energy and environment evaluation of geothermal CHP plant based on ORC has been conducted. The evaluation referred to the existing geothermal well located in the city of Konin in Wielkolpolska voivodship, the central part of Poland . It has been assumed that the system is capable to cover heat and electrical power of energy end users, thus does not require additional energy sources. Such system is characterized by zero chemical enthalpy of fossil fuels use and zero carbon dioxide emission. Nevertheless, that electrical power production is not high the use of ORC can significantly reduce the emission of carbon dioxide comparing with traditional energy systems based fossil fuels and separate production of heat and electrical power.
The amount of heat production highly depends on the thermal parameters of heat exchanger operation. The lower is the temperature of heat exchanger operation the higher is production of heat.
On the other hand, the decrease of that temperature determines the need of installation of low temperature heating systems in end users what can be difficult concerning economical and organizational aspects.
It has been shown that construction of geothermal CHP plants based on Organic Rankine Cycle can be reasonable solution in polish conditions. It is of greatest importance concerning poor performance of energy systems in Poland.
In order to make the final decision concerning the system application the future research work will have to be performed. It has to cover economic evaluation of the system -investment and total operating cost calculations, as well as ecological evaluation joined with the global warming potential (GWP) of the working fluids available for the ORC based geothermal CHP plant. 
Nomenclature
